The Relativistic Continuum Hartree Bogoliubov theory ( RCHB ), which is the extension of the Relativistic Mean Field and the Bogoliubov transformation in the coordinate representation, has been used to study tin isotopes. The pairing correlation is taken into account by a density-dependent force of zero range. RCHB is used to describe the even-even tin isotopes all the way from the proton drip line to the neutron drip line. The contribution of the continuum which is important for nuclei near the drip-line has been taken into account. The theoretical S 2n as well as the neutron, proton, and matter rms radii are presented and compared with the experimental values where they exist. The change of the potential surface with the neutron number has been investigated. The diffuseness of the potentials in tin isotopes is analyzed through the spin-orbital splitting in order to provide new way to understand the halo phenomena in exotic nuclei. The systematic of the isospin and 1 energy dependence of these results are extracted and analyzed.
Introduction
Highly unstable nuclei with extreme proton and neutron ratio are now accessible with the help of the radioactive nuclear beam facilities. The extreme proton and neutron ratio of these nuclei and physics connected with these unprecedented low density matter have attracted worldwide attention in nuclear physics as well as other fields such as astrophysics. The recent research in this topic includes the detailed structure, its mode of excitation, and the reaction mechanism. Using the measured interaction cross sections it is possible to extract the nuclear root mean-square (rms) matter radii, the nuclear mass density and the other related observations. In these investigations, the observed sudden rise in the measured interaction cross-sections in the neutron rich light nuclei has been attributed to the corresponding large increase in the nuclear rms matter radii. This fact is an indication of the sudden change in the structure of these nuclei due to the addition of the last few neutrons. The celebrated example in these investigations is the discovery of the phenomenon of "neutron halo"
1 , for example in 11 Li. The neutron halo is a state in which neutrons spread like a thin mist around the nucleus. It is qualitatively associated with the very small separation energy (S n ) of the last one or two neutrons. Due to this small value of S n in such nuclei, the tail of its last neutron wavefunction and so also the corresponding density spreads far out from the center of the nucleus.
New theoretical models and techniques are being developed in order to describe unique phenomena in exotic nuclei far from the line of stability. Particularly, on the neutron-rich side, the property of exotic nuclei involves the weak binding of the outermost neutrons, the coupling of bound state and the continuum, the diffuse particle distribution and isospin dependence of the shell structure. Due to their relevance to the r-process in nucleosynthesis, nuclei near the drip-line are also very important in nuclear astrophysics. As for the theoretical microscopic description of unstable nuclei is concerned, so far rather different techniques have been used, e.g., the Relativistic Continuum Hartree-Bogoliubov ( RCHB ) theory [2] [3] [4] ; the exact solution of few-body equations treating inert sub-clusters as point particles 5 ; the Skyrme Hartree-Fock-Bogoliubov (HFB) theory 6, 7 ; and two-frequency shell model 8 .
The few body method and a shell model diagonalization start by fitting the ground state properties of the nuclei or neighboring nuclei and aim at predicting the excited state properties. Whereas the relativistic and conventional mean field approaches are based on the description of global experimental data for nuclei throughout the nuclear chart. The principal goal here is to obtain a fair description of bulk properties, particularly for the ground states. The mean field has certain advantages in describing and predicting quantities, such as the radii, mass, tunneling probabilities, etc., in stable nuclei and their future extendability to exotic nuclei when the continuum is properly taken into account.
The RCHB theory, which is the extension of the Relativistic Mean Field ( RMF ) and the Bogoliubov transformation in the coordinate representation, provides not only a unified description of mean field and pairing correlation but also the proper description for the continuum and the coupling between the bound state and the continuum 4 .
Recently, a fully self-consistent description of the chain of Lithium isotopes ranging from 6 Li to 11 Li has been given by the RCHB 2 . The halo in 11 Li has been successfully reproduced in this self-consistent picture. Excellent agreement with recent experimental data on the radii, binding energy and density distribution is obtained. This remarkable success is mainly attributed to the proper treatment of the continuum states and the pairing by solving the RCHB equations. This procedure helps to incorporate correctly the scattering of Cooper pairs to the 2s 1/2 level, which is more close to the threshold than the 1d 5/2 and 1d 3/2 levels, in the continuum. The contribution from the continuum is proved to be crucial. Therefore the relativistic mean field provides another picture of halo in nuclei: Due to the extreme low proton to neutron ratio, the surface of the neutron potentials become highly diffuse.
Because the orbital with small orbital angular momentum has less centrifugal barrier, the particles with weak binding or even in the continuum in these orbital will have more chance to tunnel. In order to study the influence of correlation and many-body effects, it would be very interesting to find also nuclei with a larger number of neutron distributed in the halo.
Based on the RCHB, a new phenomenon "Giant Halo" has been predicted in the Zr nuclei close to the neutron drip line, which are composed not only by one or two neutrons, as is the case in the halos investigated so far in light p-shell nuclei, but which contain up to 6
The development of a proton skin as well as neutron skin in Na isotopes has been systematically studied with RCHB in Ref. 9 , where the pairing and blocking effect have been treated self-consistently. A Glauber model calculation has been carried out with the density obtained from RCHB. A good agreement has been obtained with the measured cross sections for 12 C as a target and a rapid increase of the cross sections has been predicted for neutron rich Na isotopes beyond 32 Na. After systematic examination of the neutron, proton and matter distributions in the Na nuclei from the proton drip-line to the neutron drip-line, a relation between the tail part of the density and the shell structure has been found. The tail of the matter distribution is not so sensitive to how many particles are filled in a major shell. Instead it is very sensitive to whether this shell has been occupied or not. The physics behind the skin and halo has been revealed as a spatial demonstration of shell effect: simply the extra neutrons are filled in the next shell and sub-shell. This is in agreement with the mechanism observed so far in the halo system but more general.
From the mean field point of view, the properties of all the nucleons in the nuclei are determined by the mean potential provided by their interaction with the other nucleons.
Therefore the study of the isospin dependence of the potential, which become highly diffuse near the particle drip line, is crucial to understand unstable nuclei and the study of the surface diffuseness will provide another mean to understand exotic nuclei. In the present work, we extend our former investigation and study the surface diffuseness, the isospin dependence of the potential, and spin-orbital splitting in tin isotopes. For exotic nuclei, as orbitals with small orbital angular momentum near the threshold will extend far out from the nuclear center, and thus the pairing correlation can couple the bound states and positive energy states. Particularly on the neutron-rich side, as neutron carries no electric charge, the neutron drip line is located very far from the valley of β-stability. It is crucial to understand how the isospin dependence of the potential and the diffuseness develops in unstable nuclei.
The surface diffuseness can be strongly related with the spin-orbital splitting, which could be measured experimentally.
In the present study, isospin dependence of the potential diffuseness, their relation with the spin-orbital splitting , and the ground-state properties of drip-line systems are investigated by means of the self-consistent RCHB approach. The shell structure and its isospin dependence in tin isotope is discussed in the canonical basis. The isospin-dependence and energy-dependence of the neutron spin-orbit splitting are discussed. An outline of the RCHB formalism is briefly reviewed in Sec. II. In Sec. III, the isospin-dependence and energydependence of the neutron spin-orbit splitting, the neutron, proton, and matter density distributions are presented for Sn isotopes. A brief summary is given in the last section.
RCHB Theory
The RCHB theory, which is the extension of the RMF and the Bogoliubov transformation in the coordinate representation, is suggested in Ref. 
The field tensors for the vector mesons are given as:
For a realistic description of nuclear properties a nonlinear self-coupling for the scalar mesons turns crucial 10 :
The classical variation principle gives the following equations of motion :
for the nucleon spinors and
for the mesons, where
are the vector and scalar potentials respectively and the source terms for the mesons are
where the summations are over the valence nucleons only. It should be noted that as usual, the present approach neglects the contribution of negative energy states, i.e., nosea approximation, which means that the vacuum is not polarized. The coupled equations
Eq. (4) and Eq. (5) For spherical nuclei, i.e., the systems with rotational symmetry, the potential of the nucleon and the sources of meson fields depend only on the radial coordinate r. The spinor is characterized by the angular momentum quantum numbers l, j,m, the isospin t = ± 1 2 for neutron and proton respectively, and the other quantum number i. The Dirac spinor has the form: 
The radial equation of spinor Eq. (4) can be reduced as :
where
The meson field equations become simply radical Laplace equations of the form:
m φ are the meson masses for φ = σ, ω, ρ and for photon ( m φ = 0 ). The source terms are:
The Laplace equation can in principle be solved by the Green function:
where for massive fields
and for Coulomb field
The Eqs. (10) and (11)could be solved self-consistently in the usual RMF approximation.
For RMF, however, as the classical meson fields are used, the equations of motion for nucleons derived from Eq.(1) do not contain pairing interaction. In order to have pairing interaction, one has to quantize the meson fields which leads to a Hamiltonian with two-body interaction.
Following the standard procedure of Bogoliubov transformation, a Dirac Hartree-Bogoliubov equation could be derived and then a unified description of the mean field and pairing correlation in nuclei could be achieved. For the details, see Ref. 4 and the references therein.
The RHB equations are as following:
is the Dirac Hamiltonian and the Fock term has been neglected as is usually done in RMF.
The pairing potential is :
It is obtained from one-meson exchange interaction V kk ′ ,kk ′ ( r r ′ ; r 1 r ′ 1 ) in the pp-channel and
The nuclear density is as following:
As in Ref. 4 , V kk ′ ,kk ′ used for the pairing potential in Eq.(19) is either the density-dependent two-body force of zero range with the interaction strength V 0 and the nuclear matter density
or Gogny-type finite range force with the parameter µ i , W i , B i , H i and M i (i = 1, 2) as the finite range part of the Gogny force 11 :
A Lagrange multiplier λ is introduced to fix the particle number for the neutron and proton as N = Trρ n and Z = Trρ p .
In order to describe both the continuum and the bound states self-consistently, the RHB theory must be sovled in coordinate representation, i.e., the. Relativistic Continuum
Hartree-Bogoliubov ( RCHB ) theory 4 . It is then applicable to both exotic nuclei and normal nuclei. In Eq. (17), the spectrum of the system is unbound from above and from below the Fermi surface, and the eigenstates occur in pairs of opposite energies. When spherical symmetry is imposed on the solution of the RCHB equations, the wave function can be conveniently written as
The above equation Eq.(17) depends only on the radial coordinates and can be expressed as the following integro-differential equation:
where the nucleon mass is included in the scalar potential V S (r). Eq.(25), in the case of δ-force Eq.(22), is reduced to normal coupled differential equations and can be solved with shooting method by Runge-Kutta algorithms. For the case of Gogny force, the coupled integro-differential equations are discretized in the space and solved by the finite element methods, see Ref. 4 Instead of solving Eqs. (10) and (11) 
Results and discussion
The procedure to solve the RCHB equations is the same as in Ref. Tr∆κ to that of the Gogny force D1S 11 in 150 Sn.
In Fig. 1 and N = 82, S 2n gradually decrease with N. The S 2n near drip line nuclei 176 Sn decreases relatively faster than the case in light nuclei, e.g., Na isotopes 9 . This is due to the effects of centrifugal barrier. In Sn isotopes, the orbital 1i 13/2 is just above the threshold for nuclei near the drip line. Due to its big centrifugal barrier, particles filled in 1i 13/2 do not contribute to the binding, although the potential become highly diffuse. In light nuclei like Na isotopes, the orbital 2p 1/2 and 2p 3/2 are just above the threshold. They gain binding energy due to the diffuseness of potential with N. Therefore the total binding energies of the Na isotopes remain unchanged with N near the drip line.
The neutron, proton, matter, and charge radii for all even Sn isotopes are given in Table   1 . The neutron and matter radii increase with the neutron number. Also the proton radii increases slowly after 100 Sn.
Encouraged by the success in describing the S 2n for tin isotopes, we proceed to examine the spin-orbital splitting for the whole isotopes. As an example, spin-orbital splitting
versus the binding energy: Fig. 2 for the neutron spin-orbital partners (1d 3/2 , 1d 5/2 ),(1g 7/2 , 1g 9/2 ), (1i 11/2 , 1i 13/2 ), (1p 1/2 , 1p 3/2 ), (1f 5/2 , 1f 7/2 ), and (1h 9/2 , 1h 11/2 ), and the proton spin-orbital partners (1d 3/2 , 1d 5/2 ), and (1f 5/2 , 1f 7/2 ). It is very interesting to see that the spin-orbital splitting for the neutron and proton is very close to each other, at least for (1d 3/2 , 1d 5/2 ), and (1f 5/2 , 1f 7/2 ) cases. The splitting decreases monotonically from the proton drip line to the neutron drip line for all the partners. To see the underlying reason of this behavior, it is very helpful to examine the origin of the spinorbital splitting in the Dirac equation. For the Dirac nucleon moving in a scalar and vector potentials, its equation of motion could be de-coupled and reduced for the upper component and the lower component, respectively. If it is reduced in the lower component, it will be related with another interesting topic -the pseudo-spin symmetry discussed in Ref. 13 and the references therein. For the moment, we are interested in the spin-orbital splitting, the Dirac equation can be reduced for the upper component as following:
The spin-orbital splitting is due to the corresponding spin-orbital potential
with some proper normalization factor. It is seen that the spin-orbital splitting in RMF is energy dependent and they depends on the derivative of the potential 2M − V V + V S as well as the particle distribution. Therefore we introduce the so-called spin-orbital potential:
The V ls for 110 Sn, 140 Sn, and 170 Sn, are given in Fig.3 . The V ls for both proton and neutron are almost the same, as the potential V V − V S is a big quantity ( ∼ 700 MeV ), the isospin dependence in the spin-orbital potential could be neglected.
Therefore the proton and neutron V ls are the same in the present model. That is the reason why the spin-orbital splitting for the neutron and proton is very close to each other in Fig.   2 . From 110 Sn to 170 Sn, the amplitude of V ls decreases monotonically due to the surface diffuseness.
For the decline of the spin-orbital splitting, it come from the diffuseness of the potential or the outwards tendency of the potential. The diffuseness of the neutron potentials V V + V S are given in Fig. 4 
(1h 11/2 , 1h 9/2 ), (2f 7/2 , 2f 5/2 ), (3p 3/2 , 3p 1/2 ), and (1i 13/2 , 1i 11/2 ), etc. The larger spin-orbital splitting for the same l occurs when the particle is located in the middle of the potential. As it can be seen, the spin-orbital splitting in (2p 3/2 , 2p 1/2 ) partners is twice as large as that in (1p 3/2 , 1p 1/2 ) and thrice as large as that in (3p 3/2 , 3p 1/2 ). Their energy dependence is clearly seen. In Fig. 8 , the spin-orbit splitting in Eq.(26) versus the binding energy in Eq.(27): in 170 Sn are also given in Fig.7 for
), (h 9/2 , h 11/2 ), and (i 11/2 , i 13/2 ) partners. It gives a strong energy dependence of the spin-orbital splitting.
Similar pattern is also appeared in other tin isotopes, but here we just choose 170 Sn as an example.
As mentioned above, the spin-orbital splitting is mainly due to the corresponding spinorbital potential Eq.(30), which decreases with the diffuseness of the potential. However, for the single particle levels in the same nuclei, the spin-orbital potential is the same, the difference is due to the particle distribution relative to the spin-orbital potential. In Fig. 9 , the spin-orbital potential V ls multiplied by the density distributions for p 1/2 orbital in 170 Sn is given in the upper panel, and the spin-orbital potential and the probability distribution of the p-wave in 170 Sn is given in the lower panel. As seen in the lower panel, the particle distributions move outside with the increasing energy. The maximum overlap happens for (2p 3/2 , 2p 1/2 ). This clearly explain the features observed in Fig. 8 . Another aspect in Fig.8 is that the splitting for n = 1 always increases with l. This is because the centrifugal barrier keeps the particle away from center and prevent it from running away so that a big overlap always happens for larger l.
Recent developments in accelerator technology and detection techniques around the world have made it possible to produce and study the nuclei far from the stability line -so called "EXOTIC NUCLEI". Experiments of this kind have brought about a new perspective to nuclear structure physics: e.g., the neutron halo and neutron skin as manifested in the rapid increase in the measured interaction cross-sections in the neutron-rich light nuclei 14,15 . These extremely neutron-rich nuclei and physics connected with the low density matter in the tails of the neutron and proton distributions have attracted a lot of attention in nuclear physics as well as in other fields such as astrophysics. It is therefore of great importance to look into the matter distribution and see how the densities change with the proton to neutron ratio in these nuclei. As the density here is obtained from a fully microscopic and parameter free model, it is well supported by the experimental binding energies.
We now proceed to examine the density distributions of the whole chain of tin isotopes and study the relation between the development of halo and shell effects within the model. for neutron, proton, and matter density in Figs. 10a, 10b , and 10c, respectively. With the increase of N, the density extends toward outside, only a small increase is observed in the center. For the proton densities in Fig.10b , the density for r ≤ 4 fm decreases dramatically, and in reward for this a strong increase in the surface is observed with the increasing of the neutron number, because the proton number is fixed. This is quite different from the case of Na isotopes, where the proton distribution doesn't vary so much with N in the surface area 9 . The matter densities for Sn isotopes are given in Fig.10c . Although neutron density increases in the center, it is slower than the decrease in proton. Therefore the total matter density decreases in the center. Due to the proton and neutron interaction, both proton and neutron densities increase in the surface. Fig. 11 is the same as Fig. 10 , but in logarithm scale in order to see the detailed information in the tail. With the increase of N, the neutron density extends towards outside.
The increase of the neutron density beyond r = 6 fm shows a gradual variation, except after 160 Sn where the tail of the neutron density does not change. The isotopes 160−170 Sn have almost the same tail in the density. For the proton, the tail of the proton density in 100 Sn and 110 Sn shows difference from the isotopes with N > 60, which clearly shows that the tail is a asymptotic behavior mainly determined by the last filled few particles. For the tail of the matter distribution in neutron-rich nuclei, they are mainly determined by the neutron density.
Conclusions
The Relativistic Continuum Hartree Bogoliubov ( RCHB ) theory, which is the extension of the Relativistic Mean Field and the Bogoliubov transformation in the coordinate representation, has been used to study the tin isotopes. The pairing correlation is taken into account by a density-dependent force of zero range. RCHB is used to describe the even-even tin isotopes all the way from the proton drip line to the neutron drip line. The theoretical 3. A strong energy dependence of the spin-orbital splitting appears in tin isotopes. It is due to the change of wave function. The maximum overlap between the particle distributions and the spin-orbital potential happens when the single particle energy is in the middle of the potential. This energy dependent behavior is stronger for lower l orbits than the higher l orbits, as the centrifugal barrier in higher l orbits keeps the particle away from center and prevent it from running away so that there is always a reasonable overlap with spin-orbital potential.
4. With increase of N, the neutron density extends towards outside. The increasing of the neutron density beyond r = 6 fm shows a gradual variation with N. The neutron tail reaches saturation after 160 Sn. For the proton, the tail of the proton density in 100 Sn and 110 Sn shows difference from the isotopes with N > 60, which clearly shows that the tail is a asymptotic behavior mainly due to the last filled few particles. For the tail of the matter distribution in neutron-rich nuclei, they are mainly determined by the neutron density.
5. With the increase of N, the density extends toward outside, only a small increase is observed in the center. For the proton, the density for r ≤ 4 fm decreases dramatically, and in return for this a strong increase in the surface is observed with the increasing of the neutron number, because the proton number is fixed. Therefore, a slight decrease in the center of the total matter density is observed. Fig. 2 The neutron spin-orbit splitting E ls = E lj=l−1/2 − E lj=l+1/2 2l + 1 versus the mass number A in tin isotopes for neutron (1d 3/2 , 1d 5/2 ), (1g 7/2 , 1g 9/2 ), (1i 11/2 , 1i 13/2 ), (1p 1/2 , 1p 3/2 ), (1f 5/2 , 1f 7/2 ), and (1h 9/2 , 1h 11/2 ) orbital and proton (1d 3/2 , 1d 5/2 ), and (1f 5/2 , 1f 7/2 ) orbital, respectively. Sn. In order to examine the surface diffuseness more clearly, the radii R 0 at which V V (R 0 ) + V S (R 0 ) = −10 MeV has been given as an inserted figure. Sn. In order to examine the surface diffuseness more clearly, the radii R 0 at which
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MeV has been given as an inserted figure. Sn. In order to examine the surface diffuseness more clearly, the radii R 0 at which V V (R 0 ) − V S (R 0 ) = 100 MeV has been given as an inserted figure. 
